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Broad relevance as it led to adoption of tools from quantum information 
science and quantum computing in the context of gravitational physics
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1402.5674 by Susskind,  …, 2503.10753 with Baiguera, Balasubramanian, Caputa, Chapman, Haferkamp, Halpern

volume of maximal volume time slice

Interesting, because the geometric object naturally characterizes black holes,
which it universally grows linearly with time due to contributions from the inside.

Quantum information and spacetime: complexity
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some notion of complexity 
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In contrast to holographic entanglement entropy,
microscopic interpretation of holographic complexity still elusive.
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entanglement



CFT1+1: S =
c
3

log
(x1 − x2)2

δ

S =
c
3

log
−(t1 − t2)2

δ

=
c
3

log
(t1 − t2)2

δ
+ i

π
2

New boundary observable
2210.09457, 2302.11695 by Doi, Harper, Mollabashi, Takayanagi, Taki

x2x1
= t2 − t1
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standard entanglement temporal entanglement
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New result:
holographic temporal entanglement

2408.15752 [PRL] and 2507.17847 with Fabio Ori and Alexandre Serantes
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to the timelike regime

If more than one surface in the timelike part, minimize over the real part 

2507.17847 with Fabio Ori and Alex Serantes
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This shows that as a bulk tomographic probe
temporal entangle is subtle. What else could it be good for? 



Vision
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2507.17847 with Fabio Ori and Alexandre Serantes

If one has a closed form expression for a function, then one also has its 
analytic continuation implicitly and often also explicitly, c.f. 

c
3

log
x2 − x1

δ

However, entanglement entropy is notoriously difficult to compute in quantum
systems and even in holography one most often gets it numerically

As a result, our prescription for computing holographic timelike entanglement 
entropy allows to probe novel facets of entanglement entropy akin to how 
e.g. shear viscosity is encoded in Euclidean thermal correlators



New ideas: 
complexity



Krylov (spread) complexity: definition
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Consider the time evolution operator acting on some initial state

|ψ(t)⟩ = e−iHt |R⟩ = |R⟩ + (−i H) t |R⟩ +
1
2

(−i H)2t2 |R⟩ + …

It gives a sequences of orthogonal directions (Krylov basis) in the Hilbert space: 

|0⟩ = |R⟩ |1⟩ ∼ H |R⟩ − ⟨R |H |R⟩ |R⟩ |2⟩ ∼ H2 |R⟩ + …

that subsequent powers of  (time progression) triggert

Krylov (spread) complexity: average order number of the Krylov basis 
element occupied via time evolution

CK ≡ ⟨ψ(t) |(∑
n

n |n⟩⟨n |)|ψ(t)⟩

2202.06957 by Balasubramanian, Caputa, Magan and Wu



Krylov (spread) complexity: properties
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CK ≡ ⟨ψ(t) |(∑
n

n |n⟩⟨n |)|ψ(t)⟩

Early times: CK ∼ t2

Later times: possibility of growth in time 
via occupying higher and higher n

2503.10753 with Baiguera, Balasubramanian, Caputa, Chapman, Haferkamp, Halpern



Sine dilaton gravity / (DS)SYK correspondence
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2404.03535 by Blommaert, Mertens and Papalini 

analogous to
the `t Hooft limit 

in QCD
large  keeping  fixedN log(q) ≡

p2

N

It has black holes solutions that give rise to growth of holographic complexity



New results: 
complexity



Our result
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for all  and arbitrary  β q

CV ≡ ⟨l⟩ = − ∂Δ⟨e−Δ l⟩
Δ→0

= CK

2412.17785 with Papalini and Schuhmann



Positioning
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for all  and arbitrary  β q

CV ≡ ⟨l⟩ = − ∂Δ⟨e−Δ l⟩
Δ→0

= CK

2412.17785 with Papalini and Schuhmann

2305.04355 by Rabinovici, Sánchez-Garrido, Shir and SonnerIt generalizes pioneering results of                                                           
from a single point ,  to the full  parameters plane β → 0 q → 1 β − q



Our key insight I
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reference (starting) state used by

≡ |TFD(t = 0)⟩

Two options:
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reference (starting) state used by

≡ |TFD(t = 0)⟩
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 and, hence, gravity gives thisCV

Consequence I: gravity assigns Krylov cost also to Euclidean state preparation!



Our key insight II
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2412.17785 with Papalini and Schuhmann

Our result is valid for any  and series expanding around  gives a first 
bulk quantum correction on top of the classical gravity result

q q = 1

Consequence II: bulk quantum correction transitions from  to  behaviourt2 t

Speculation: it might a Krylov spread complexity of the bulk quantum field
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Outlook



Summary and outlook
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The past 18 years have witnessed an explosion of understanding about gravity 
coming from quantum information science and quantum many body physics

This talk:

They are novel facets in the quest for geometrization of entanglement and 
complexity within the holographic paradigm

defining holographic temporal entanglement

providing 2-parameter family of exact bulk complexity notions 


